II compounds, consisting of seven dinuclear, three mononuclear, and four trinuclear ones, were synthesised using benzoic acid derivatives n-RC 6 H 4 COOH, where n-R = 2-MeO, 3-MeO, 4-MeO, or 4-t Bu, and 2,2'-bipyridine (bpy) or 1,10-phenantroline ( phen) as blocking ligands. The crystal structures of nine of these compounds and the magnetic studies of all of them are reported here. Each type of compound was formed depending on the presence or absence of ClO 4 − ions, the solvent used, and/or the presence of a small amount of water in the reaction medium. The use of the tert-buthylbenzoate ligand gave unexpected results, very likely due to the steric hindrance caused by the voluminous t Bu groups. The EPR spectra of each type of compound give some peculiar features that allow its identification. Attempts to fit these spectra have been made in order to determine the ZFS parameters, D and E, of the Mn II ion (for mononuclear and dinuclear systems) or of the ground state (for trinuclear systems).
Introduction

Mn
II complexes are widely present in numerous enzymes, as an essential ingredient of their active site. 1 Mn II ions can be implicated in both redox and non-redox processes, acting as catalysts or having a structural role. [2] [3] [4] [5] Owing to its single-ion high spin (S = 5/2) and comparable size, Mn II is commonly used as a probe to replace diamagnetic ions, such as Mg 2+ , 6, 7 in other biological systems. Additionally, some Mn II compounds can be used as catalysts in several industrial processes, commonly for the epoxidation of olefins, [8] [9] [10] [11] [12] making them good candidates to replace 2 nd and 3 rd row transition metal ions in oxidation catalysis. From the analyses of EPR spectra of Mn II compounds, important information can be extracted, since the splitting of the magnetic sublevels will depend on the zero-field splitting (ZFS) parameters, D and E. Indeed, even a slight distortion from a regular octahedral environment can result in significant ZFS parameters and highly complicated EPR spectra. 13 Furthermore, it is well known that, for several transition metal ions, the ZFS can probe their structural and electrostatic environments. 14 For example, the ZFS for Mn II ions is larger when it is bonded to halide ligands. 13, [15] [16] [17] [18] [19] [20] [21] [22] It also depends on the coordination number, since pentacoordinated ions display greater axial ZFS parameters (|D| = 0.25-0.30 cm −1 ) than hexacoordinated ones (|D| = 0.0008-0.1750 cm −1 ). 23, 24 Moreover,
The reaction between Mn II carboxylate and bidentate ligands (NN), such as 2,2′-bipyridine (bpy) and 1,10-phenanthroline ( phen), leads to the formation of Mn II compounds with different nuclearity: mononuclear, dinuclear, trinuclear, or 1D systems. 26, 27 The carboxylate groups display a wide variety of coordination modes, such as monodentate terminal, chelating, bidentate bridging, and monodentate bridging modes. Particularly in these compounds, the carboxylate ligands could bridge the Mn II ions in µ 1,1 or µ 1,3 coordination modes, and in the latter case in either a syn-syn or syn-anti conformation.
The magnetic interaction between neighboring Mn II ions depends on the coordination mode of the carboxylate ligand. For instance, dinuclear compounds with µ 1,1 -carboxylate bridges present a ferromagnetic interaction (S = 5 ground state), while those with µ 1,3 -carboxylate bridges show an antiferromagnetic interaction (S = 0 ground state). 26 We herein present three kinds of compounds: dinuclear [{Mn(NN) 2 } 2 (µ-n-RC 6 H 4 COO) 2 ](ClO 4 ) 2 (1-7), mononuclear [Mn(NN) 3 The magnetic properties of these compounds have been studied and their EPR spectra have been deeply analysed. Moreover a qualitative rationalisation of the displayed EPR signals has been performed. Fits of these spectra have been attempted, leading to a reasonable determination of the zero field splitting parameters, D and E. The Zeeman plots of the dinuclear compounds have been deeply analysed to provide a better understanding of the EPR spectra.
Experimental section
Synthesis
All manipulations were performed under aerobic conditions. Reagents and solvents were obtained from commercial sources and used without further purification. Caution! Perchlorate salts of compounds containing organic ligands are potentially explosive. Only small quantities of these compounds should be prepared. Mn(n-MeOC 6 H 4 COO) 2 ·xH 2 O (n = 2 and 4) was obtained from the reaction between MnCO 3 and n-MeOC 6 H 4 COOH in boiling water. After several hours, the solution was filtered and concentrated to give a pale pink precipitate of the desired product. For n = 2, C 16 2 (0.30 mmol, 0.11 g) was dissolved in an EtOH : H 2 O 1 : 1 (v/v) mixture (30 mL) by stirring for around 24 h. Then, a solution of NaClO 4 (0.33 mmol, 0.041 g) in EtOH : H 2 O 1 : 1 (v/v) (10 mL) was added to the previous one. Meanwhile, 2,2′-bipyridine (bpy) (0.72 mmol, 0.11 g) was dissolved in EtOH (10 mL) and added to the previous solution. The resulting yellow solution (solvent: 50 mL of EtOH : H 2 O 3 : 2) was stirred for 15 minutes and filtered to separate any possible impurity. Then, the solution was left undisturbed at room temperature. The crystallisation of the product begins after a month of slow evaporation and may last up to six months. During this time, neither oxidation nor decomposition of the sample was observed. Yield: 65%. X-ray suitable single-crystals were obtained from the mother liquor. 
Physical characterisation
C, H and N analyses were carried out by the "Centres Científics i Tecnològics" of the Universitat de Barcelona. Infrared spectra were recorded on KBr pellets in the 4000-400 cm −1 range with a Thermo Nicolet Avatar 330 FTIR spectrometer. Magnetic measurements were performed on microcrystalline samples in a Quantum Design MPMS XL5 SQUID Magnetometer at the "Unitat de Mesures Magnètiques" (Universitat de Barcelona). Magnetic susceptibility was measured between 2 and 300 K with a magnetic field of 0.02 T. Magnetisation measurements were performed at 2 K from 0 to 5.0 T. Pascal's constant was used to estimate the diamagnetic corrections for the compound. The fit of the experimental magnetic data was performed by minimizing the func-
spectra were recorded at X-band (9.4 GHz) frequency using a Bruker ESP-300E spectrometer from room temperature to 4 K at the "Unitat de Mesures Magnètiques" (Universitat de Barcelona).
Single-crystal X-ray crystallography
The data collection for compounds 2, 6, 7, 8 (at 90-100 K), 5, and 9 (at 302 K) was performed on a Bruker Apex-II diffractometer, whereas for 1, 3, and 12, it was performed at room temperature on a MAR345 diffractometer, both equipped with graphite monochromatic Mo Kα radiation (λ = 0.71073 Å). Unit-cell parameters were determined using 230-9972 reflections and refined by the least-squares method. 6090-127 139 reflections were collected using the Φ-and ω-scan (Bruker Apex-II) or Φ-scan (MAR345) method. Data were corrected for absorption effects using multi-scan (2, 6, 8, 7, 5, and 9) or empirical (1, 3, and 12) methods (SADABS). 28 Tables containing crystallographic data collection and structure refinement details are summarised in the ESI (Tables S1-S3 †) . The structures were solved by direct methods and refined by full-matrix least-squares using SHELXL-97. 29 Non-hydrogen atoms were refined anisotropically, whereas hydrogen atoms were computed and refined with isotropic thermal parameters riding on their respective carbon or oxygen atoms. The crystal structures of compounds 1, 3, 5, and 12 were isotropically refined without any complication, but they showed high R 1 and wR 2 values and, in some cases, the presence of spurious peaks very close to other atoms. These peaks not only complicate the refinement of the anisotropic displacements but also altered the results. Therefore, the reflections showing high standard deviations were removed from the HKL files of 1, 3, 5, and 12, enabling us to better refine the structures and providing much better results. Even though some reflections were removed, the relationship between parameters to refine and reflections were more than enough to refine the structure in an appropriate way. The H atoms of the water ligands were fixed in logical positions considering the plausible H bonds, with isotropic thermal parameters riding on their respective O atoms. A total of 448 parameters were refined in the final cycle of refinement on F 2 without using any restraint.
Single crystals of the mononuclear compound 10 were isolated and mounted on a diffractometer. However, the crystals were very thin, so they did not provide good diffraction frames and the structure could not be determined.
Compound 12 crystallises in the triclinic space group P1. The asymmetric unit consists of half a [Mn 3 (bpy) 2 (µ-4-MeOC 6 H 4 COO) 6 ] complex. The rest of the complex is generated by an inversion centre. A total of 448 parameters were refined in the final cycle of refinement on F 2 without using any restraint.
Results and discussion
Synthesis
The reaction between Mn II salts, carboxylate ligands, and nitrogen-based ligands (NN) is well described in the literature. (8) was obtained in these solvents in the presence of a small amount of water. The formation of the dinuclear compound 6 (3-MeO/phen) was only attained in MeOH.
As reported previously, when no perchlorate salt is added, neutral compounds of different nuclearities could be obtained as a function of the Mn : NN ratio (3 : 2 or 1 : 1) and/or solvent. 27, 30 With the manganese carboxylates used in this work, the Mn : NN ratio and the solvent (CH 3 CN or EtOH) made no difference in the type of product that was formed, but they did for the conditions of crystallisation (time, crystallinity, etc.) and/or the purity of the sample. For instance, nice 2-MeO bpy
Compounds from which the crystal structures have been determined. yellow crystals of 9 were obtained in EtOH, while the sample contaminated with some brown product precipitated in CH 3 CN. All attempts to obtain some neutral compounds with n-R = 2-MeO and NN = bpy were unsuccessful; nevertheless, when NN = phen, the mononuclear compound 9 was obtained. Similarly, for n-R = 4-t Bu and NN = bpy, a mononuclear compound was obtained (10), while we did not succeed in establishing any reproducible synthesis using phen. The formation of trinuclear compounds was attained when n-R = 3-MeO and 4-MeO with both NN ligands.
The presence of water in the reaction medium was required in nearly all cases, since it assists the dissolution of the Mn II carboxylates. Nevertheless, H 2 O also guaranteed the formation of the dinuclear compounds 3 and 5 because it prevented the fast precipitation of the corresponding neutral compounds, observed after several minutes of stirring when no additional H 2 O was added.
Regarding the dinuclear compounds, two different coordination modes of the carboxylate ligands can be found, even though the synthetic method is the same. Fortunately, these coordination modes can be easily differentiated with the 1620-1300 cm For compounds 1-5, the bands assigned to the carboxylate ligands arise at ∼1550 and ∼1390 cm −1 , with Δν ≈ 160 cm −1 , consistent with a µ 1,3 -coordination mode. In contrast, 6 and 7 show two bands at ∼1570 and ∼1310 cm −1 (with Δν ≈ 260 cm −1 ), consistent with a µ 1,1 -coordination mode.
The reason why one type of bridge is preferentially formed is very difficult to rationalise. As explained by Gómez et al., two factors could contribute to this different behaviour: the steric and the electronic effects. In the referred work, only compounds containing phen and the R group in meta or para position show a µ 1,1 -coordination mode. 26 Compounds with R = MeO follow the same tendency: while compounds 6 and 7, with the respective n-R = 3-MeO and 4-MeO, have µ 1,1 -brigdes, compound 4, with n-R = 2-MeO, exhibits a µ 1,3 -coordination mode. However, compound 5 (n-R = 4-t Bu), whose carboxylate shows a µ 1,3 -coordination mode, does not follow the expected trend. The cause of this variation may lie in the presence of the highly voluminous t Bu group that, in spite of being in para position, can be the source of steric hindrance. Indeed, the formation of the µ 1,1 -brigde shortens the Mn⋯Mn distance from ∼4.65 (for a µ 1,3 -brigde) to ∼3.46 Å, also setting the facing phen ligands closer (see below).
Description of structures
Dinuclear compounds with µ 1,3 -n-RC 6 To exemplify, Fig. 2 shows the crystal structure of the cationic complex of one of them (3). Those of compounds 1, 2, and 5 are found in the ESI (Fig. S1 †) . Selected interatomic distances and angles are listed in Table S4 Fig. 3 shows the crystal structure of the cationic Fig. 2 Crystal structures of the cationic complexes of compound 2, showing the anisotropic displacements as ellipsoids at 50% probability. Hydrogen atoms are omitted for clarity. Fig. 3 Crystal structures of the cationic complexes of compounds 6, showing the anisotropic displacements as ellipsoids at 50% probability. Hydrogen atoms are omitted for clarity.
complex of compound 6. That of 7 may be found in the ESI (Fig. S2 †) . Selected interatomic distances and angles are listed in Table S5 In these compounds the phenyl ring and the carboxylate groups of the benzoate derivative bridge are almost coplanar and are perpendicular to the Mn 2 O 2 ring. As may be seen comparing the structures of compounds containing µ 1,3 -and µ 1,1 -brigdes ( Fig. 2 and 3, respectively) , the shorter Mn⋯Mn distance in the latter keeps the NN ligands closer to the aromatic ring of the carboxylate bridge and, consequently, this aromatic ring, which is found between two phen ligands, is forced to twist and become placed almost parallel to these ligands. For compounds 6 and 7, the R group (3-MeO and 4-MeO, respectively) remains in the same plane as the phenyl ring, so their presence does not disturb the formation of the µ 1,1 -bridges. On the other hand, the bulky t Bu group has two methyl groups that stand out from the plane of the phenyl group, being able to cause steric hindrance. Hence, the formation of a dinuclear compound with µ 1,1 -4-t BuC 6 H 4 COO − bridges could be tentatively considered improvable. The obtained dinuclear compound with this ligand shows µ 1,3 -bridges (5).
Mononuclear compounds (8) (9) (10) . Fig. 4 shows the crystal structure of the two mononuclear compounds with 3-MeO (8) and 2-MeO (9) benzoate derivatives. Selected structural parameters are listed in Table S6 Mn-O distances of 2.33 Å. The hexacoordination of the terminal ions is completed by a phen ligand, with Mn-N distances of ∼2.27 Å. These structural parameters are in agreement with those reported for analogous compounds. 27, 30, [37] [38] [39] [40] [41] [42] The terminal Mn ions show a substantial elongation in the direction of the µ 1,1 bridge. The central ion, in spite of having angles of 180°between facing bonds, displays a certain elongation in the direction of the µ 1,1 bridge.
Magnetic properties
Magnetic susceptibility data were recorded for all polynuclear compounds (1-7 and 11-14) from room temperature to 2 K. Magnetisation measurements were performed at 2 K from 0 to 5.0 T for the compounds having S ≠ 0 ground states (6, 7 and 11-14) .
Dinuclear [{Mn(NN) 2 } 2 (µ-n-RC 6 H 4 COO) 2 ](ClO 4 ) 2 compounds (1-7). χ M T versus T plots for the dinuclear compounds are represented in Fig. 6 of an antiferromagnetic behaviour; (b) for compounds with µ 1,1 -bridges (6 and 7), χ M T values increase as the temperature falls, indicative of a ferromagnetic behaviour. For these compounds, the S = 5 ground state is confirmed by the field dependence of the magnetisation at 2 K (inset of Fig. 6b ), which shows M/Nμ β values consistent with 10 unpaired electrons. χ M T versus T plots were fitted using the PHI program, which uses the Hamiltonian H = −2JS 1 S 2 . 47 The results of the fit are collected in Table 2 . The two ferromagnetic compounds (6 and 7) were fitted taking into account intermolecular interactions (zJ′), which improved the fit and reproduced the slight decrease of the χ M T values below 2.5 K. These results are in accord with the study reported by Gómez et al., where analogous compounds containing µ 1,3 -n-RC 6 6 ] compounds (11) (12) (13) (14) . χ M T versus T plots for the trinuclear compounds are represented in Fig. 7 . At 300 K, χ M T values are close to the expected value for three uncoupled Mn II ions. As the temperature decreases, χ M T values fall until reaching ∼4.5 cm 3 mol
K at 2 K, which is very close to the expected value for an S = 5/2 ground state (4.36 cm 3 mol −1 K). This behaviour is indicative of an antiferromagnetic behaviour. The S = 5/2 ground state is confirmed by the field dependence of the magnetisation at 2 K (inset of Fig. 7 ), which shows M/Nμ β values consistent with 5 unpaired electrons. χ M T versus T plots were fitted with the PHI program 47 considering the Hamiltonian H = −2J (S 1 S 2 + S 2 S 3 ) − 2J 13 (S 1 S 3 ) (see Fig. 8 ), where it is assumed that J 13 = 0 due to the large Mn⋯Mn distance between the terminal ions (∼7.2 Å). The results of these fits are collected in Table 3 , these being consistent with those found in the literature for analogous trinuclear compounds. 27, 30, [37] [38] [39] [40] [41] [42] Moreover, the results obtained for 12, with a marked µ 1,1 -mode of the carboxylate bridge and a weak antiferromagnetic interaction (2J = −2.5 cm −1 ), are in agreement with the magneto-structural correlations previously reported. 27 However, the structural data of the compounds reported here are too scarce to provide new insights into these correlations, since only the crystal structure of compound 12 could have been determined.
EPR spectroscopy
The X-band EPR spectra of all Mn II compounds herein reported (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) were recorded on powdered samples at different temperatures. At room temperature, all of them show a band centred at g ≈ 2; however, the spectra become more complicated as the temperature falls. To exemplify, Fig. 9 shows the spectra at different temperatures for a dinuclear (5, 4-t Bu/phen) and a trinuclear (12, 4-MeO/bpy) compound.
At 4 K, the spectra of each type of compound show peculiar features that allow its identification. The fit of the EPR spectra was performed with the PHI program. 47 It is worth noting that, even though this program is able to fit EPR spectra, the initial values from which the fit will begin are of importance for the final result. Hence, we performed several simulations screening different D and E values, within the logical range that one may expect for hexacoordinated Mn II ions, in order to choose the best initial values. All spectra were fitted considering a linewidth between 1.0 and 1.8 cm −1 .
Mononuclear compounds (8-10).
The EPR spectra at 4 K of the mononuclear compounds (8) (9) (10) are shown in Fig. 10 . As may be observed, they show some differences.
The three compounds display a broad and intense band at g ≈ 2 and more features more or less pronounced at lower a Refers to H = −2J (S 1 S 2 + S 2 S 3 ) − 2J 13 (S 1 S 3 ), with J 3 = 0, uncertainties of which were found to be smaller than 0.01 cm
. Fig. 9 Variable-temperature X-band EPR spectra for the dinuclear compound 5 and the trinuclear compound 12. fields. These spectra were fitted with the PHI program 47 considering a high-spin Mn II ion and the single-ion ZFS parameters (D Mn and E Mn ). The results from these fits are listed in (1-7) . For the dinuclear compounds the shape of the EPR spectra at low temperature depends on their magnetic behaviour ( Fig. 11 and 12 ). While ferromagnetic compounds display a broad and intense signal at g ≈ 2 at different temperatures, the antiferromagnetic compounds show much more complex spectra and their shape is very sensitive to temperature (Fig. S5 †) . These latter compounds show an S = 0 ground state, so they are expected to be EPR silent. However, the small J values allow the lowest excited states, S = 1 and S = 2, to be populated at 4 K.
The cause of the difference between the EPR spectra of anti-or ferromagnetic compounds relies on the values of the zero-field splitting parameters, |D S | and |E S |, of the states populated at low temperature. In fact, |D S | and |E S | become smaller as the spin increases. 48 Accordingly, the zero-field splitting parameters of the S = 5 ground state of the ferromagnetic compounds are much smaller than those of the first excited states, S = 1 and S = 2, of the antiferromagnetic compounds.
The EPR spectra at 4 K of the dinuclear compounds were fitted with the PHI program 47 with the aim of evaluating the single-ion ZFS parameters (D Mn and E Mn ), considering two high-spin Mn II ions, with either parallel or antiparallel disposition of their spin moments, using the magnetic coupling constant (2J) obtained from the fit of the magnetic data, and keeping g = 2.00. The results of these fits are collected in Table 5 . Finding a good simulation of the EPR spectra of the dinuclear compounds was far more complicated than that for the mononuclear ones. Indeed, before starting the fits, it was necessary to perform several simulations screening different D Mn and E Mn /D Mn values in order to find the best initial values for the fits.
For the ferromagnetic compounds 6 and 7, which display a single broad band (Fig. 11) , the anisotropy parameters could not be determined with accuracy and, consequently, the results are expressed as a range. As mentioned above, the D S=5 and E S=5 parameters are smaller than the respective D S<5 and E S<5 for the same D Mn and E Mn . 48 Hence, the EPR spectra at low temperature of a ferromagnetic Mn (Fig. S6 †) . Hence, in spite of the small effect of D Mn on D S=5 , we can confirm that these compounds possess small single-ion ZFS parameters, as indicated in Table 5 . For these ferromagnetic compounds (6 and 7), the shape of the spectra is similar at different temperatures, with an increase of 0.02 T in the linewidth from 77 K to 4 K. The simulation of the EPR spectra with the parameters obtained from the fit reproduces well the effect of temperature on the linewidth (Fig. S7 †) .
The spectra of compounds 1-5 at temperatures >10 K are rather similar; however, at 4 K significant differences can be observed (Fig. 12) . These spectra can be separated into three regions: (a) below 0.2 T, where only 5 shows a significant band; (b) between 0.2-0.4 T, where compounds 1 and 2 show a unique broad band, while compounds 3-5 show two overlapped bands; and (c) above 0.4 T, where compounds 1, 2, and 5 show a well-defined band. Owing to the intrinsic complexity of these spectra, fitting these spectra was far more challenging. The assignment of a particular set of values to the parameters was not trivial either, since the simulations obtained from the fit are far from being perfect. However, after screening different D Mn and E Mn values within the expected range for Mn II ions, the simulations presented in Fig. 12 correspond to those better representing the shape of the spectra. Moreover, a surprising peculiarity was found: the sign of D Mn was certainly relevant for the shape of the EPR spectra of compounds 3, 4, and 5. A good fit of the EPR spectra of these compounds can only be attained with D Mn > 0. These latter facts suggest that one may likely establish the sign of D Mn in some precise situations. In order to understand the effect of To understand the cause of these latter points, a deeper analysis of the EPR spectra and Zeeman plots was performed. Firstly, it is worth recalling two important points: (a) in terms of populations the most relevant states are those with S = 0 (ground state, which display no EPR transitions), S = 1 (first excited state), and S = 2 (second excited state), whose populations at 4 K are ∼66, ∼28, and ∼5%, respectively; and (b) when the axial anisotropy (D Mn ) becomes relevant the Zeeman plot in the z magnetic field direction is rather different from those in the y and x ones (x = y ≠ z), so the resulting EPR spectra come from the addition of the permitted transitions of the three Zeeman plots.
Therefore, the Zeeman plots in the x/y and z magnetic field directions for a hypothetical Mn and D Mn = ±0.12 cm −1 were simulated, and the expected transitions were marked according to the spectroscopic selection rules, ΔM S = ±1 and ΔS = 0. 52 It is worth noting that no mixture of M S states coming from different S levels was observed for H < 1.0 T, so the EPR signals should come from the transitions between M S states within the same S level. To simplify, the Zeeman plots of the first and second excited states were extracted from that calculated for the entire system and presented in two separated figures (Fig. 14 and 15 ). Fig. 14 shows the Zeeman plots in the x/y and z magnetic field directions of the first excited state, S = 1, for a Mn II 2 system with positive and negative D Mn . The pointed transitions correspond to those having ΔM S = 1 (at H = 0.5-0.6 T) and ΔM S = 2 (at H ≈ 0.2 T). These latter transitions should be forbidden according to the selection rules; however, when anisotropy is present, the M S states mix and that allows these transitions. 48 As may be observed, the expected transitions should arise at the same field and should have the same intensity in both cases (for negative and positive D Mn ). Hence, the cause of the difference between these spectra should lie in the second excited state (S = 2). Fig. 15 shows the Zeeman plots in the x/y and z magnetic field directions of the second excited state, S = 2, for a Mn II 2 system with positive and negative D Mn . Contrary to the S = 1, the expected transitions coming from the S = 2 are rather different in both position and intensity as a function of the sign of D Mn . These latter facts indicate that the differences between the spectra with positive and negative D Mn rely on the transitions coming from the second excited state, S = 2.
Another 6 ] compounds (11) (12) (13) (14) . The EPR spectra of the trinuclear compounds (11) (12) (13) (14) are very sensitive to temperature. The spectra recorded at room temperature show a very broad band centred at g ≈ 2. This band generally remains the most intense signal until very low temperatures. At 4 K, the spectra of compounds 11, 12 and 14 become quite complicated: they show a new band at low field (g ≈ 4), of similar or major intensity compared to the band at g ≈ 2, and some other features at high field (Fig. 16 ). The EPR spectrum at 4 K for compound 13 is quite different from the rest, showing the most intense band at g ≈ 2 and a smaller one at low field.
Fitting the EPR spectra of the trinuclear compounds considering the whole system would be much more time-consuming, since each iteration takes about half an hour. So, in this case, the ZFS of the Mn II ions were not determined. As seen with the magnetic measurements, these compounds show an S = 5/2 ground state. The first and second excited states, S = 3/2 and S = 7/2, respectively, are found in the 5.5-7.3 and 7.6-10 cm −1 ranges, respectively, depending on the 2J values.
At 4 K, the population of these states is quite low, being 6.5-11.2% and 2.3-5.1% for the respective S = 3/2 and S = 7/2 states. Hence, at this temperature, the greatest contribution to the EPR spectra will be the ground state, whose population ranges from ∼80 to ∼90%. Therefore, the spectra at 4 K were fitted using the PHI program 47 considering an isolated S = 5/2 spin state with axial (D 5/2 ) and rhombic (E 5/2 ) ZFS, keeping g = 2.00. Before fitting the experimental data, several simulations were carried out in order to identify which were the best initial values. The results of these fits, listed in Table 6 , are in agreement with those reported for analogous compounds, whose D 5/2 and E 5/2 are ). The arrows point out the expected transitions in the X-band EPR spectra. The transitions coming from the x and y magnetic field directions are represented by thicker arrows than those from the z magnetic field direction because their contributions are double. ). The arrows point out the expected transitions in the X-band EPR spectra. The transitions coming from the x and y magnetic field directions are represented by thicker arrows than those from the z direction because their contributions are double.
∼0.16 and ∼0.05 cm −1 , respectively. 27 Compound 13 displays much smaller ZFS parameters; however, the lack of structural data for this compound does not allow us to reach any conclusion. As observed in Fig. 16 , only the fit for 13 corresponds to a good simulation of the experimental spectra. For the rest of the compounds, the theoretical graphs reproduce the band at 0.15 T, but they show significant differences in the other regions of the spectra. Particularly, the intensity of the band at g ≈ 2 for compounds 11, 12, and 14 seems to be underestimated, since it is much weaker in the fitted spectra (red dashed lines) than in the experimental ones (black line). Nevertheless, one should remember that these fits have been performed considering just the ground state and the greater intensity of these bands may be due to the excited states.
To explain this, the Zeeman plot for this kind of trinuclear compound was simulated considering |D Mn | = 0. Table 7 . They were performed for two different temperatures (4 and 60-80 K), considering the same linewidth and ZFS parameters. Fig. 17 shows these simulations at 4 K. To exemplify, Fig. S8 † shows the experimental spectra and simulations at 4 and 60 K for compound 11. † From these simulations three remarkable conclusions could be drawn: (a) the simulation reproduces well the effect of temperature on the shape of the spectra; (b) no significant difference is observed by changing the sign of D Mn ; and (c) the intensity of the bands at g ≈ 2 for 11, 12, and 14 is well reproduced when the entire system is considered, confirming the contribution of the second excited state as suggested above.
As observed in Fig. 17 , these simulations reproduce the experimental spectra much better. The differences between the spectra of 13 and the others (11, 12, and 14) are a consequence of the different D Mn values, which are significantly smaller for 13.
Even though the experimental spectra are much better reproduced when the entire system is considered and in spite of our efforts, the simulations for 12 and 14 show two bands, 
Conclusions
The reaction between Mn(n-RC 6 H 4 COO) 2 , where n-R = 2-MeO, 3-MeO, 4-MeO, or 4-t Bu, and the NN ligands bpy and phen led to the formation of seven ionic dinuclear, three mononuclear (ionic or neutral), and four trinuclear compounds. Each type of compound was formed depending on the presence or absence of ClO 4 − ions, the solvent used, and/or the presence of a small amount of water in the reaction medium. Regarding the dinuclear compounds, two different types of complexes were obtained: those with µ 1,1 -carboxylate bridges, which present ferromagnetic behaviour, and those having µ 1,3 -carboxylate bridges, which show an antiferromagnetic interaction. The formation of compounds with the µ 1,1 -carboxylate bridges occurs when the R group is in meta (n = 3) or para (n = 4) position and phen is the blocking ligand. 26 However, the voluminous 4-t Bu group apparently hinders the formation of these µ 1,1 -bridges. The EPR spectra of each type of compound give some peculiar features that allow its identification. All the EPR spectra presented in this work have been fitted in order to obtain the ZFS parameters, D and E. However, fitting these spectra is not as easy as we expected, since many simulations had to be performed in order to choose the best initial values of the parameters willing to determine. In spite of these complications, fitting the spectra helped us to easily adjust the theoretical curves to the experimental ones after obtaining the approximate values.
The spectra of the antiferromagnetic dinuclear compounds are much more complex than those of the ferromagnetic ones, very likely because the ZFS parameter values of the states (D S and E S ) populated at low temperature are higher for the antiferromagnetic systems. Moreover, the splitting of the bands in the antiferromagnetic compounds is eventually very sensitive to the sign of D Mn , particularly when D Mn > 0.10 cm The shape of the EPR spectra at low temperature for the mononuclear and trinuclear complexes is different, in spite of showing the same S = 5/2 ground state. For the trinuclear compounds, the relative intensity of the bands depends on the population in the excited states. The influence of the population in the second excited state (S = 7/2) could be seen with the intensity of the band at g ≈ 2; this state has much smaller ZFS parameters than the ground and first excited states and contributes to the intensity of this g ≈ 2 band.
Contrary to the mono-and dinuclear compounds, the EPR spectra of the trinuclear ones were fitted just considering the ZFS of the ground state. A relationship between the ZFS parameters of the states and those of the Mn II ion was then found from the analysis of the Zeeman plot of a trinuclear system. Therefore, the single-ion ZFS parameters could be estimated from those obtained just considering the ground state, giving a good simulation of the EPR spectra considering the entire system. Table 7 , considering the entire trinuclear system.
